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Abstract
Understanding the interaction between void and grain boundary (GB) is important to the design of
radiation resistant materials by GB engineering and to achieve high quality metallurgical diffusion joining.
In this study, the interaction between nano-voids and GBs has been systematically investigated by
molecular dynamics simulations. The bicrystal Cu sample was used throughout the work, and the
dynamic GB-void interaction was achieved by GB migration under shear deformation. Both high-angle GBs
(Σ5 (310) GB, Σ5 (210) GB) and low-angle GBs (Σ37 (750) GB, Σ61 (650) GB) were investigated, and the
effect of void size and temperature on the simulation result was examined. The transition of the
deformation mechanism from GB migration to dislocation propagation was observed during the
interaction between voids and high-angle GBs at low temperature (T = 10 K). At higher temperature (T =
300 and 600 K), the migrating GB can be pinned to voids, freely traversed voids, or dissolved voids in the
process of their interaction. The void-drag effect on GB motion was analyzed based on the Zener-like
equation, which indicates that the retarding pressure applied to the migrating GB by a void is closely
related to the surface area of the void, the degree of contact between GB and void, and GB energy. By
investigating the thermal stability of a void at the stationary GB, it was found that the dissolution of voids
at a moving GB cannot be attributed solely to the thermal diffusion mechanism. The dynamic migration of
high-angle GBs can significantly accelerate the dissolution time of the void. Atomistic analysis indicated
that the migrating GB rearranged the atoms on the void surface by the collective motion of structural
units, and the GB structural phase transformation provided an efficient diffusion channel for transporting
the vacancies. The low-angle GBs show a reduced ability to dissolve the voids than the high-angle GBs,
which can be ascribed to their low GB energy and diffusion coefficient, the fast GB migration velocity, and
the discrete GB structure.
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Abstract: Understanding the interaction between void and grain boundary (GB) is important to
the design of radiation resistant materials by GB engineering and to achieve high quality
metallurgical diffusion joining. In this study, the interaction between nano-voids and GBs has been
systematically investigated by molecular dynamics simulations. The bicrystal Cu sample was used
throughout the work, and the dynamic GB-void interaction was achieved by GB migration under
shear deformation. Both high-angle GBs (Σ5(310) GB, Σ5(210) GB) and low-angle GBs (Σ37(750)
GB, Σ61(650) GB) were investigated, and the effect of void size and temperature on the
simulation result was examined. The transition of the deformation mechanism from GB migration
to dislocation propagation was observed during the interaction between voids and high-angle GBs
at low temperature (T=10 K). At higher temperature (T=300 and 600 K), the migrating GB can be
pinned to voids, freely traversed voids, or dissolved voids in the process of their interaction. The
void-drag effect on GB motion was analyzed based on the Zener-like equation, which indicates
that the retarding pressure applied to the migrating GB by a void is closely related to the surface
area of the void, the degree of contact between GB and void, and GB energy. By investigating the
thermal stability of a void at the stationary GB, it was found that the dissolution of voids at a
moving GB cannot be attributed solely to the thermal diffusion mechanism. The dynamic
migration of high-angle GBs can significantly accelerate the dissolution time of the void.
Atomistic analysis indicated that the migrating GB rearranged the atoms on the void surface by
the collective motion of structural units, and the GB structural phase transformation provided an
efficient diffusion channel for transporting the vacancies. The low-angle GBs show a reduced
ability to dissolve the voids than the high-angle GBs, which can be ascribed to their low GB
energy and diffusion coefficient, the fast GB migration velocity, and the discrete GB structure.
Keywords: Molecular dynamics; Grain boundary migration; Dislocation nucleation; Void-drag;
Structural unit
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1. Introduction
Metallic materials will develop a large number of point defects under irradiation environment,
including vacancies and interstitial atoms [1]. The point defects may subsequently evolve into
microstructural flaws, such as voids, stacking fault tetrahedra (SFT), dislocation loops, etc. [2-8],
resulting in deterioration of the physical properties of materials and their direct structural failure
[9]. Nanocrystalline materials exhibit improved radiation resistance than the coarse-grained
materials due to the significant reduction of grain size and the increase of the grain boundary (GB)
volume fraction [10-13]. The absorption of point defects and their clusters by GBs was confirmed
by experimental observations. For examples, the point defects under irradiation were thermally
unstable because of the existence of a large volume fraction of GBs in nanocrystalline Au [14].
The microstructure of Ni and Cu consists a large number of vacancy clusters under irradiation, and
GB could be a major sink for the point defects and their clusters which resulted in a much lower
density of vacancies in grains of nanostructured specimens than their coarse-grained counterparts
[15]. A study in UO2 reported that vacancies emitted from a void can be trapped by the nearby GB
leading to void dissolution [16]. In particular, if a sufficient amount of free volume from a void
dissolved into a GB, the local structure of GB will be changed and the overall properties of
materials can be affected subsequently [17, 18]. On the other hand, computational simulations
revealed that the absorption of vacancies and their clusters can be realized by vacancy-interstitial
recombination mechanism via GB [4] and GB migration mechanism [19], and the absorption
efficiency varies with the GB structures [20]. The previous studies suggest a possibility of the
design and fabrication of radiation tolerant materials via GB engineering [21-24]. Therefore, it is
of great importance to understand the mechanisms of how point defects and their clusters (such as
voids) interact with GBs at the atomic scale.
The evolution of void and GB migration are two critical processes and play significant roles to
achieve metallurgical joining during diffusion bonding [25]. In the process of diffusion bonding of
Ti and its alloy, the voids in the bonding zone were found decreased evidently or disappeared
gradually with the increase of bonding time [26, 27]. In the experiments of the annealing of Cu-Cu
joints [28] and the diffusion bonding of the superplastic Al alloy [29], it was found that the GB
migration can cause the change of local microstructural, and the strength of bonding depends on
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the extent of GB migration. Also, experimental studies implied that there exists the interaction
between voids and migrating GB during diffusion bonding [30, 31]. Two negative effects were
found during the interaction due to the incomplete absorption of voids. For one thing, voids
imposed a drag force on the GB, thereby influencing its motion and caused a weak bonding and
strength. For another thing, some residual voids were trapped inside the grains after the interaction.
The elimination of voids by volume diffusion is much slower than GB diffusion, once the voids
are separated from GB and trapped inside the grains, they will weaken the mechanical properties
of the joint. Since the elimination of voids in the bonding zone is the necessary condition of
achieving high quality joint, it is necessary to understand the interaction mechanism between void
and migrating GB to fabricate high-quality joints without defects.
Since the importance of voids on GB motion and its subsequent influence on microstructure
and macro-mechanical properties of materials, the GB-void interaction has been studied
theoretically and experimentally before [25, 32-35]. However, due to the limitation of
experimental conditions, the evolution of GB microstructure during interactions and the associated
mechanisms cannot be elucidated. We therefore focus the present study on examining the
interaction between GB and void using molecular dynamics (MD) simulations. MD simulation has
been widely used to understand the GB structure and its associated deformation mechanisms
[36-39]. Also, recent post-processing technologies such as visualization tools [40, 41] and the
structure identification methods [42, 43] provide more information on the atomic scale. To achieve
the interaction between GB and voids, the migration of one or both defects is required. Previous
studies have shown that while GB can provide a large energetic driving force for interstitial atoms
to segregate on GBs, vacancies and their clusters (e.g., voids and SFTs) usually show very slow
mobility [4, 44-46]. MD simulation indicates that the mobility of vacancy cluster decreases
exponentially fast with the increasing size of the cluster [46]. In some irradiation experiments, the
vacancy clusters became nearly immobile under a low-temperature condition [14, 47, 48]. On the
other hand, experiments [49-52] and atomistic simulations [53-55] on various materials have
shown that external stress or temperature gradient can lead to GB migration. Therefore, to observe
a full interaction between void and GB, and to ensure the timescale available to the MD
simulations, the GB-void interaction was achieved by GB migration under applied shear stress in
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this study. The modeling and simulation methods are introduced in section 2. In section 3, we
show the effect of void size, temperature, and GB structure on GB-void interaction. The
simulation results are discussed in section 4, and the main conclusions are summarized in section
5.

2. Simulation methods
Simulations were carried out using the parallel molecular dynamics code LAMMPS [56] with the
embedded-atom method (EAM) potential of Cu [57]. The selected potential can accurately reflect
some important structural and physical characteristics of Cu, including lattice constant (3.615 Å),
cohesive energy (3.54 eV), and elastic modulus (C11=169.93 GPa, C12=122.65 GPa, C44=76.41
GPa), both of which can match the experimental data very well [57]. Also, the calculated intrinsic
stacking fault energy and unstable stacking fault energy of Cu by MD simulation using the present
EAM potential are 44.6 mJ/m2 and 173.4 mJ/ m2, respectively [58], which are comparable with
the first-principle calculation and experimental measurement 45 mJ/m2 and 162 mJ/m2 [57, 59].
The bicrystal model was used to study the interaction between void and GBs because it enables a
well-controlled investigation of specific GB properties. The dimensions of the simulation model
along X, Y, and Z directions were set to about 220 Å, 240 Å, and 220 Å, respectively. The specific
size was adjusted according to the periodical structure of each GB. The total number of atoms of
the simulation sample was approximately one million. The [001] crystallographic direction is
parallel to the Z axis, and it was set as the tilt axis. The GBs were constructed by rotating grain A
and grain B along the [001] tilt axis. According to the previous experiments and MD simulations,
the <001> family GBs tend to exhibit shear-coupled migration under external stress [53, 60, 61],
which is conducive to the dynamic interaction between GB and void in this study. Four voids with
the same size were placed in grain A to show the generality of the simulation results. The results of
GB-void interaction can be evaluated comprehensively by the status of the four voids after the
interaction. The initial distance between GB and the void center was about 25 Å. The schematic of
the simulation sample is shown in Fig.1.
Four symmetric tilt GBs were investigated in this study, namely Σ5(310) (θ=36.9°) GB,
Σ5(210) (θ=53.1°) GB, Σ37(750) (θ=71.1°) GB, and Σ61(650) (θ=79.6°) GB. Due to the
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symmetry of the fcc lattice, the misorientation angles from 0°to 90°corresponds to a structural
period and thus covers all the distinct boundary structures of <100> tilt GBs, any GB that with the
misorientation angle close to 0°or 90°is referred to the low-angle GB [53]. Here, we tentatively
defined the Σ37 GB and Σ61 GB as the low-angle GBs, while the two Σ5 GBs were regarded as
the high-angle ones. An energy minimization procedure with a standard conjugate-gradient
algorithm was used to obtain the local stable GB configuration, and different starting positions of
grain A and grain B were tested to determine the global minimum-energy structure of each GB.
The final equilibrium structures of the GBs are shown in Fig.2. Structural units are used to
describe the GB structure, as outlined by the yellow lines. The four GBs contain topologically
identical structural units, they only differ at a distance separating the structural units and by their
positions relative to the GB plane, consisting either a flat (Σ5, Σ61) or a zigzag (Σ37) boundary
plane. The four GBs were intentionally selected, where the two Σ5 GBs are the high-angle GBs
which consist of the continuous structural units. The Σ37 GB and Σ61 GB represent the structure
of low-angle GBs which are organized by an array of discrete structural units. The voids were
generated by removing atoms in a spherical region in grain A, and the void size was determined by
the radius of the spherical region. To investigate the effect of void size and temperature on the
simulation result, we constructed the voids with a diameter of D=12, 18, and 24 Å, and the
simulations were performed at extremely low temperature (T=10 K), ambient temperature (T=300
K), and the elevated temperature (T=600 K), respectively. Before the external loading was applied,
the simulation sample was relaxed using MD at a target temperature and constant pressure of 0 bar
in all directions for 100 ps. During system relaxation, periodic boundary conditions were applied
in the X, Y and Z axes, so that the isobaric-isothermal (NPT) ensemble could be applied in all
directions.
A shear deformation was applied to the bicrystal sample to initiate the GB motion. As in Fig.1,
there was a slab of fixed atoms at the top of grain A and at the bottom of grain B. The slab width
was approximate twice the cutoff radius of atomic interactions along Y direction [53]. During the
simulation, the fixed atoms were frozen in their perfect lattice positions while all the other atoms
in the bicrystal sample were set as free. A constant shear velocity of Vs = 2 m/s parallel to the
boundary plane was applied to the fixed area of grain A, while the fixed atoms in grain B
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remained stationary. The applied shear deformation on the simulation sample is much higher than
the experimental conditions since it is necessary to perform the nanosecond-scale MD simulation
under the current model dimensions. Stress and temperature calculations were performed on the
dynamic atoms between the two fixed slabs. Once the dynamic shear loading was applied, the
boundary condition along Y direction was changed to non-periodic, and simulations were
performed in the canonical NVT ensemble. The time increment of the simulations was fixed at 2
fs throughout the work.

3. Results
3.1 Shear response of high-angle GBs at low temperature
The stress-driven GB motion was observed in all studied cases, and the interaction between GB
and voids was realized by GB migration. Fig.3 shows the shear responses of the bicrystal sample
containing Σ5(310) GB and different sizes of voids at 10 K. For simplicity, we index the study
cases as D12, D18, and D24 below, corresponding to the voids with a diameter of 12, 18, and 24 Å,
respectively. The snapshots in Fig.4 are the atomic images of the bicrystal sample at select
simulation steps. Atoms are colored according to their centrosymmetry values, and the atoms
within the fcc structure are removed to assist view of the GB structure and the voids. To better
understand the effect of voids on GB motion, we firstly performed a simulation on a bicrystal
sample without voids. The Σ5(310) GB motion exhibited a “stick-slip” behavior characterized by
a saw-tooth time dependence of the stress, as shown in the enlarged segment of the stress curve in
Fig.3(a). Specifically, the system stress built up until it reached a critical value, the GB jumped
upwards abruptly from its original place to the next equilibrium position, accompanied by the
release of local stress. The GB kept stationary until the accumulated stress was large enough to
trigger the next jump of GB. The periodic process keeps driving the motion of the boundary,
leading to the GB migration upwards, as shown in Fig.4(a). The moving distance of the fixed
atoms in grain A along the horizontal direction is 160 Å in 8 ns simulation. At the same time, the
migration distance of the Σ5(310) GB along the vertical direction is 159 Å, so the coupling factor
(β= Vs/Vn) is calculated as 1.006. The value is consistent with the ideal <110> coupling mode
based on the geometrical consideration [62], where β<110>=2tan[(π/4)-(θ/2)]. Also, the coupling
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factor agrees with the experimental measurement of GB with the same misorientation (θ=36.9°) at
room temperature [52].
When voids were introduced, the shear response of the bicrystal sample shows a radically
different scenario compared to the void-free sample. Fig.3(b) shows the shear stress as a function
of simulation time in D12 case, and the selected steps of interaction between GB and voids are
shown in Fig.4(b). The GB motion and its associated deformation mechanisms can be divided into
three stages. Firstly, a similar stress response as the void-free case was observed in the first 3.5 ns.
GB showed a fast migration under shear stress and it played the dominant role to accommodate
the system stress. GB moved upwards and subsequently interacted with the voids in grain A.
When GB passed, the voids were retained in grain B, and the size was slightly reduced than the
initial configuration, as shown in Fig.4(b2). In the second stage, GB migration was still in
progress but the movement of GB slowed down and the system stress increased gradually. Visual
inspection of the simulation sample, it was found that the boundary plane became less ordered
after its traversing of the voids, and the embryo nucleation of dislocation from GB was observed
at about 4 ns, as shown in Fig.4(b3). Finally, the dislocation nucleated and multiplied rapidly from
GB and their propagation in grains became the primary deformation mechanism, corresponding to
the third stage of the stress curve. Meanwhile, GB migration was less significant at this stage, as in
Fig.4(b4) and (b5). The shear response of bicrystal sample in the cases of D18 and D24 are shown
in Fig.3(c) and (d). Again, three distinct stages were observed on the stress curves, namely the
stage of fast GB migration, the stage of slow GB migration with dislocation nucleation, and the
stage of dislocation propagation. The snapshots in Fig.4(c) show the transition of the deformation
mechanism in D24 case at 10 K. It was found that the boundary plane became highly disordered
after its interaction with the D24 voids at about 4 ns. After that, the migration behavior of GB can
be hardly observed but dislocation nucleation from GB became prevalent. Similar shear responses
to the Σ5(310) GB were observed in the study of Σ5(210) GB, as shown in Fig.S1.
Previous MD studies indicate that GB migration was realized by the collective motion of the
structural units [53, 63, 64]. In Fig.4(a), the uniform GB structure has not changed during its
motion in the simulation case without void. However, when voids were introduced, the local
structure of GB became less ordered after their interaction, leading to the subsequent
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heterogeneous nucleation of dislocation from GB. To clarify this, Fig.5 shows the bottom view of
the interaction process between Σ5(310) GB and D12 voids. When traversing the voids, four
disordered regions were generated at the positions where GB interacts the voids, as shown in
Fig.5(d), which are indicated by the yellow dotted circles. The disordered regions are mainly
caused by two aspects. On the one hand, some vacancies initially located in the voids were
incorporated into GB after their interaction. These vacancies altered the local structure of GB,
thereby destroying the collective motion of the boundary plane. On the other hand, the voids can
exert a drag force on the migrating GB in the process of GB-void interaction [65], which hindered
the movement of local GB structure and caused the inconsistent motion of the whole boundary
plane. The effect of “void-drag” on the GB motion was discussed theoretically [66-68] and was
directly observed during diffusion bonding [25] and sintering [69, 70]. When GB was separated
from the voids, the disordered regions were preserved on the boundary plane due to the absence of
effective diffusion mechanism of vacancies at low temperature. The disordered regions expanded
on GB along the shear direction and combined each other as the shear deformation progressed, as
shown in Fig.5(e) and (f). Subsequently, the first dislocation nucleation event was observed in the
disordered region in Fig.5(g). When the disordered regions covered most of the boundary plane,
dislocation nucleation occurred at more places on GB, as shown in Fig.5(h).
In order to further characterize the transition of deformation mechanism during the interaction
between GB and voids, we quantified the movement of GB and the dislocation activities. The
common neighbor analysis (CNA) pattern was calculated for all atoms at each storing interval,
where the atoms in a perfect fcc structure have a CNA value of 1, and the atoms at GB region have
a CNA value of 5. The GB atoms were then separated from fcc atoms, and GB position was traced
by calculating the mean value of coordinates in the Y direction of GB atoms over a number of
simulation time steps. Fig.6(a)-(c) show the GB displacement as a function of simulation time in
the case of D12, D18, and D24, respectively. The results clearly reflect the three stages of GB
movement, which are characterized by the three segments of the curve with different slopes, as
fitted by the red dotted lines and indexed by the numbers. The slope of the GB positions
quantitatively indicates the coupling factor of GB migration. The ideal shear-coupling motion of
GB (stage-1) slowed down after its interaction with voids (stage-2), and it becomes less significant
as the shear deformation progressed (stage-3). The dislocation activities were quantified by the
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statistics of dislocation length using the dislocation extraction algorithm (DXA) [42, 43]. In
addition, when a partial dislocation nucleated from GB, it was followed by a stacking fault which
is characterized by two layers of hcp atoms behind the dislocation core. Since the nucleation of
leading partial dislocation is the primary mechanism for the metals with low stacking fault energy
(e.g., Cu), the dislocation activities can also be characterized by the number of hcp atoms. The
evolution of dislocation length and the number of hcp atoms in different simulation cases are
shown in Fig.6(d)-(f). The two curves show the same trend, the dislocation density increases
rapidly after the first nucleation event, which corresponds to the beginning of the third stage of the
shear stress curve, indicating that the GB migration mechanism is changing to the dislocation slip
mechanism. The slight deviation of the two curves after the peak value is mainly due to the
nucleation of the trailing partial dislocations from GB at higher strain, which increased the total
length of dislocation line while removed the stacking fault that created by the leading partials. The
inserted images in Fig.6 are the extracted profile of crystal defects by DXA, including GB plane,
voids, and dislocation lines. The obvious void-drag effect was observed in D18 and D24 cases. The
straight GB plane heavily bent after its interaction with voids, as the ‘W’ shape of the boundary
plane in Fig.6(b) and (c). The drag force caused by the larger voids hindered the separation of GB
from voids and produced large stress concentration at the junction, which eventually led to
dislocation nucleation at the junction. The results of the interaction between Σ5(210) GB and
different sizes of voids are shown in Fig.S2-S4, where the transition of the deformation
mechanism was observed in all simulated cases.

3.2 Effect of void size and temperature
Figure.7(a) and (b) show the displacement of Σ5(310) GB as a function of simulation time at 300
K and 600 K with different sizes of voids. In D12 case, the displacement of GB shows a linear
relationship with a nearly constant slope (β≈1) throughout the simulation at both 300 K and 600 K,
indicating the GB motion with ideal <110> coupling mode has not been affected by the existence
of voids. Visual inspection of the simulation sample, it was found that the voids were partially
dissolved at 300 K and they were completely dissolved at 600 K after their interaction with GB. In
contrast to the D12 case at 10 K, the transition of deformation mechanism has not been observed
during the GB motion, which means that the vacancies have higher diffusivity along GB at the
9

higher temperature and avoid the formation of disordered regions and stress concentration at GB.
We have previously shown that the GB can keep the collective motion of structural units when
point defects are involved via the thermally assisted diffusion mechanism [64]. When the void size
increases to 18 Å and 24 Å, the migration velocity of GB slowed down after its interaction with
voids, and the decrease of velocity was more evident with larger voids. The final configuration of
Σ5(310) GB after its interaction with voids at 300 K and 600 K are shown in Fig.S5. The similar
result was observed in the case of Σ5(210) GB, as in Fig.7(c) and (d), the migration distance of
GB decreases as the void size increases. The Σ5(210) GB showed an ideal <110> coupling mode
with coupling factor β=0.667 in D12 case at 300 K. However, in the D12 case at 600 K, dislocations
were nucleated from GB after its interaction with voids, resulting in a less migration distance of
GB. The transition of deformation mechanism from GB migration to dislocations nucleation was
more prone to occur at Σ5(210) GB than Σ5(310) GB, where a high density of dislocations was
observed after the GB-void interaction, as shown in Fig.S6.
To clearly show the interaction process between GB and voids, the cross-sectional view of the
void was presented by extracting the continuous four layers of atoms along Z direction near the
center of the void. Fig.8 shows the selected steps of the interaction between Σ5(310) GB and D18
voids at different temperatures. The snapshots of Fig.8(a1), (b1) and (c1) show the GB position
and the configuration of the void before their interaction. After 0.6 ns simulation, the distance
between the boundary plane and the void are the same at all temperatures, which means that the
GB velocity was not affected by the temperature in the fast GB migration stage. Three situations
are occurring during the GB-void interaction. At T=10 K, the GB moved through the void, and the
movement of GB was hindered when it was detaching the voids, as shown in Fig.8(a2) and (a3).
While the contacted segment of GB was pinned at the void, the unpinned GB segment continue to
move driven by the shear stress, resulting in the curvature of the boundary plane. Subsequently,
the void attached to the GB and it was elongated by the migrating GB, as shown in Fig.8(a4). The
pinning structure was also observed in Fig.8(b3) when GB was passing through the void at 300 K,
but the GB gradually separated from the void after their interaction, and the cross-sectional view
of the void has changed from an initial circle shape to the final triangle shape, as shown in
Fig.8(b4). Afterward, the void was trapped inside the grain and no longer be affected by the
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migrating GB. The GB pinned at void or separated from void are common occurrences in the
experimental observations [25, 71, 72]. In the simulation at 600 K, the void dissolved into the GB
once the migrating GB reached the void due to the fast diffusion of atoms at high temperature, as
in Fig.8(c2) and (c3). The size of the void decreased rapidly in a short time, and eventually, the
void was dissolved by the migrating GB. The dissolution of the void removes the drag force on
GB so that the GB migration mechanism has not been essentially changed. The interactions
between Σ5(210) GB and D24 voids at different temperatures are shown in Fig.S7. The similar
results are observed, i.e. GB pinned to the void at 10 K, GB traversed the void at 300 K, and GB
completely dissolved the void at 600 K; but it is noteworthy that the void-drag effect on migrating
GB is more significant when the void size increased from 18 Å to 24 Å. The results of GB-void
interaction under different simulation conditions are summarized in Table.1, and selected
simulation cases are shown in the supplementary movies.

3.3 Interaction of void with low-angle GBs
The interaction between voids and high-angle GBs has been extensively studied above. In this
section, we investigate the interaction between voids and low-angle GBs. The low-angle GB can
be described as an array of discrete structural units, and each structural unit corresponds to the
dislocation core of a perfect dislocation with b=1/2<110>, as shown in Fig.9 and Fig.10. Fig.9(b)
shows the snapshot of the interactions between Σ37(750) GB and D12 voids at 10 K. The voids
remained in their original position, and their configuration did not change substantially as GB
traversed. However, a few vacancies have been absorbed by the migrating GB as it passed the
voids, which can be evidenced by the slightly reduced size of the residual voids and the minor
structural change that occurred at GB dislocations which participated in the interaction with the
voids. It was found that a short segment of the perfect dislocations (blue lines) dissociated into
b=1/6<112> Shockley partial dislocations (green lines) to accommodate the local structure change
after its absorption of the vacancies. At the temperature of 600 K, three D12 voids were
disappeared after their interaction with GB, and the size of the residual void-1 was reduced, as
shown in Fig.9(c).
When the void size increased to 24 Å, the contact area between voids and GB is larger so that

11

the dissociation of perfect dislocations into Shockley partial dislocations has been observed more
frequent at the boundary plane, as shown in Fig.9(e) and (f). Although the void size decreased to
some extent, the migrating GB did not eliminate any void even at the temperature of 600 K.
Moreover, it is interesting to see that a structural transformation was observed for void-3 and
void-4 after their interaction with GB dislocations at 600 K. As in Fig.10(f), part of the void
structure was converted to an SFT structure, represented by a group of interconnected stair-rod
dislocations (purple lines). The atomic configurations of the transformed void-3 and void-4 are
shown in the enlarged pictures (f3) and (f4). Since SFT is a common vacancy-type defect in fcc
metals, and it can be easily generated from a planar vacancy cluster in the material with low
stacking fault energy (e.g. Cu) [73], it is not surprising to observe the void-SFT structural
transformation during the interaction process. A recent MD study [74] has shown that the voids
and SFTs can transform to each other under cyclic strain, and this transformation is remarkably
affected by temperature while high temperature can advance the strain of the transformation. This
is qualitatively consistent with our simulation results, the void-SFT transformation was observed
only at the higher temperature. However, to form a perfect SFT structure, a certain number of
vacancies and a specific geometry are required [73]. Therefore the void-SFT transformation is
usually incomplete in this study, and the transformed SFT generally has an imperfect structure.
For the Σ61(650) GB, a similar result was observed as the Σ37(750) GB, where the migrating GB
passed the voids freely and did not substantially change the void structure at 10 K, as shown in
Fig.10(b) and (e). When the temperature increased to 600 K, void-3 and void-4 were completely
dissolved by GB after their interaction in the case of D12 voids, as in Fig.10(c), and the remaining
two voids transformed to SFT structure with different sizes. In the case of D24 voids, part of void-1
and void-2 were transformed to SFT structure, as in Fig.10(f), while void-3 and void-4 kept their
initial configurations and became smaller after the interaction with the migrating GB. The atomic
images of Σ37(750) GB and Σ61(650) GB after their interaction with voids are shown in Fig.S8
and Fig.S9.
Figures 9 and 10 demonstrate the effect of temperature on the dissolution of voids on the
low-angle GBs. Similar to the high-angle GBs, the low-angle GBs exhibit improved dissolve
ability for the voids at the higher temperature. However, the low-angle GBs show apparent less
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ability to dissolve the voids than the high-angle ones. For examples, the size of the D12 voids
decreased considerably after their interaction with the high-angle GBs at 300 K, and they were
completely dissolved at 600 K. In contrast, the low-angle GBs had little effect on the D12 voids at
300 K, and there were still residual voids trapped in the grain even the temperature increased to
600 K. Moreover, the low-angle GBs played a little role on changing the D18 voids after their
interaction at 600 K, but all the voids were dissolved by the high-angle GBs when they swept up
the voids at the same temperature. The difference may be related to the free volume associated
with the structural units at the boundary plane [75]. For the high-angle GBs, the large number of
structural units can provide high free volume to accommodate vacancies that dissociated from the
voids. More importantly, the connected structural units can provide a continuous diffusion path
along the boundary plane under shear deformation, which helped to release local vacancies
concentration and improves its dissolve ability accordingly. On the other hand, each dislocation
line of the low-angle GBs corresponds to a single column of structural units along the Z axis.
Therefore, the discrete structural features of low-angle GB cannot provided a continuous diffusion
channel to transport the vacancies along the shear direction as the high-angle ones. The different
results of the interaction between voids and high-angle or low-angle GBs in return signify the
important role of GB structure on the absorption of the void.

4. Discussion
4.1 Void-drag effect on GB motion
The driving force for grain growth during recovery and recrystallization is the decrease of surface
energy caused by GB migration and the reduction of GB volume fraction. Voids and second-phase
particles are obstacles to the moving GBs and may hinder grain growth. In this study, although an
ideal straight GB in the bicrystal sample was considered and the GB migration was realized under
a pure shear stress, different scenarios of the interaction between GB and voids have been well
demonstrated, including the attachment or separation of GB to the voids. The result depends on
void size, simulation temperature, and GB structure. During the GB-voids interaction, voids act
mainly as pinning phase for GB migration, and the attachment of GB to voids reduces the total
boundary energy. The amount of the reduced GB energy equals to the specific GB energy times
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the GB area occupied by the voids [76]. If the void is relatively immobile, which is the case in the
present simulations, an attached GB can move only if the driving pressure is sufficient for the
creation of the missing boundary area [33]. This retarding energy of materials Er is given by
(1)
where γ is GB energy, (Sgb)m is the missing GB surface due to the contact between GB and voids.
The effect of voids and second-phase particles on GB motion is usually described by a
Zener-like equation [77]. The general consideration of the equation is “the retarding force for each
void of radius r is 2πrγ·sinθ·cosθ, where θ is the angle between the average surface of the GB and
the surfaces at the point where it joins the void, as illustrated in Fig.11. For a maximum restraining
effect, θ is 45° and sinθ·cosθ, 1/2.” Therefore, the drag force exerted by void on GB reaches the
maximum value at one-half of the mean linear intercept of the void, λ/2 (λ=2πr is the mean linear
intercept of the void). The retarding pressure Pr is the retarding force divided by the total extended
area of GB (Sgb)ex, which is the sum of missing GB area (Sgb)m and real GB area (Sgb)r. Thus, the
maximum retarding pressure is given by
(2)
Since the area fraction of the GB that is missing from the intersection with voids yield an apparent
volume fraction of voids adjacent to the boundary plane [33], it can be defined
(3)
Where Vf is the volume fraction of voids throughout the material, R is the degree of contact
between GB and voids, which is defined as the ratio of the actual contact area to the ideal contact
area between GB and void. For high-angle GBs with a continuous boundary plane, the degree of
contact R=1. For low-angle GBs, the actual contact area with void depends on the discreteness of
GB structure, which can be evaluated by the number of structural units within a certain GB length.
In this study, the density of structural units of Σ5(310) GB can be regarded as the lower limit of
the ideal contact (see Fig.2). Therefore, the contact degree of Σ37(750) GB and Σ61(650) GB are
about 0.8 and 0.4, respectively. Rearranging equation (4), (Sgb)m can be written as
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(4)
The mean intercept through void λ is given by the basic stereological relationship [78] as,
(5)
where Sv is the surface area of void. The extended GB area has been derived previously [79] as
(6)
Substituting equation (4)-(6) into equation (2) gives
(7)
Equation (7) indicates that the retarding pressure applied to the migrating GB by a void depends
mainly on the surface area of void (Sv), the degree of contact between GB and void (R), and GB
energy (γ).
The relationship expressed by equation (7) has been well confirmed in the present simulation
work. In the case of Σ5(310) GB at low temperature (see Fig.6), the migrating GB can easily
separate from the D12 voids after their interaction, but the GB was pinned at D18 and D24 voids due
to the higher retarding pressure on the boundary that exerted by the larger surface area of void (Sv).
Also, the dragging effect became more evident with the increase of void size in the case of Σ5(210)
GB at 10 K, as shown in Fig.S2-S4. On the other hand, when considering the influence of
temperature, GB diffusion occurs much faster than the bulk diffusion, and the increased
temperature can facilitate the vacancies to overcome the activation energy barrier at GB due to the
improved atomic thermal motion. Therefore, the surface area of void (Sv) contacted GB decreases
at higher temperatures, which reduces the retarding pressure on the boundary surface and leads to
the subsequent separation of GB from the void; this is the case of the high-angle GBs at 300 K.
The relationship between the void surface area and the void-drag effect have also been
demonstrated for several metals and ceramics in the earlier works [33]. The degree of contact (R)
between GB and void can be understood by the density of the structural units that consist of GB.
As introduced, the high-angle GBs are composed of continuous structural units, so that GB can
fully contact with the voids. In contrast, for a given size of void, the effective contact area between
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low-angle GB and void is significantly reduced due to its discrete structural characteristic, i.e. the
lower degree of contact (R). Therefore, the retarding pressure applied by the void on low-angle
GBs is much lower than the high-angle GBs. In fact, no obvious void-drag effect was observed in
the low-angle GBs simulation in this study. Particularly, the dispersion of structural units
characterized by the interval distance between adjacent GB dislocations depends on the orientation
angle of the low-angle GB (see Fig.9 and Fig.10). The boundary with lower orientation has higher
structural dispersion, which results in a smaller contact area between GB and voids, thus reducing
the force exerted by voids on the migrating GB. Besides, after the energy minimization procedure
at 0 K, the GB energy was calculated as 925 mJ m-2 for Σ5(310) GB, 955 mJ m-2 for Σ5(210) GB,
742 mJ m-2 for Σ37(750) GB, and 549 mJ m-2 for Σ61(650) GB. From equation (7), the lower
retarding pressure exerted by the void on low-angle GB may also be ascribed to its lower GB
energy (γ).

4.2 Thermal diffusion-induced void dissolution
The simulations show that the increased temperature can facilitate dissolution of the voids at GB,
and the dissolution degree depends on the size of voids. For example, the D12 voids were retained
in the grain after their interaction with Σ5(310) GB and Σ5(210) GB at 10 K, but they shrunk or
were dissolved by the migrating GBs when the temperature increased to 300 K and 600 K.
Moreover, the D18 and D24 voids remained there after their interactions with the GBs at 300 K, but
they were partially or completely dissolved when the high-angle Σ5 GBs traversed them at 600 K.
The effect of void size and temperature on the result of GB-void interaction has a close
relationship with the thermal diffusion mechanism, that is, the increased temperature enhanced the
diffusion of atoms at GB (GB diffusion) as well as the thermal instability on the void surface in
the grain (lattice diffusion), leading to the eventual dissolution of the void.
Atoms in GBs are known to be much more mobile than in the lattice, and GB diffusion is
highly sensitive to GB structure [80]. To explore the differences in the lattice diffusion and GB
diffusion as well as the diffusion ability of different GBs, the mean-squared displacement (MSD)
of atoms within the GB-void core region was computed. Here, we investigated a D18 void with and
without GB at 600 K and defined the GB-void core region as 30 Å. The schematics of the
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calculation for lattice diffusion and GB diffusion are shown in Fig.12(a) and (b), respectively. The
GB-void core region was indicated between the two dotted lines. The MSD value as a function of
simulation time of different GBs are plotted in Fig.13, and the slope of the plots determine the
diffusion coefficient. We have the following two conclusions. Firstly, GB diffusion is sensitive to
GB structure. The diffusion coefficients of different GBs at the given temperature varied over two
orders of magnitude depending on the GB structure. The diffusion coefficient of Σ61(650) GB is
the lowest among the four studied GBs, while the value of Σ5(210) GB is the highest. Noticed that
although the Σ5(310) GB and Σ5(210) GB have the similar structural characteristics, the diffusion
coefficient of Σ5(310) GB is an order of magnitude lower. The result is consistent with the
diffusion measurement of symmetric [001] tilt GBs of Au under experimental conditions [81].
Secondly, GB diffusion is profoundly different from lattice diffusion. At the present simulation
time and temperature, the lattice diffusion can be neglected compared with GB diffusion. In fcc
metals, the difference between the respective diffusion coefficients is about 10 orders of
magnitude at about half of the melting temperature [82]. Although there is a considerable
difference between the diffusivity in the grain and at the boundary, it is not clear whether the void
dissolution was attributed solely to the thermal-induced GB diffusion mechanism. Does the
dynamic GB migration affect the void dissolution? To this end, we further investigated the thermal
stability of a void in a stationary GB.
The Σ5(310) GB was taken as an example to examine the void dissolution process in a
stationary GB. The ‘stationary’ defined here denotes the GB does not move substantially around
its initial position during system annealing, which is to distinguish between the previous dynamic
GB migration under shear deformation. The simulations were carried out in two steps using a
smaller bicrystal sample (about 160,000 atoms) with different void sizes and temperatures. Firstly,
periodical boundary conditions were applied in all directions of the bicrystal sample, and the
simulation system was equilibrated using Nose-Hoover algorithm in the isobaric-isothermal (NPT)
ensemble at 0 bar pressure environment and the desired annealing temperature for 100 ps. Then, a
void was created at the center of GB, and the boundary condition along Y direction was changed
to non-periodic. A few layers of atoms on the top and at the bottom were fixed, and simulations
were performed at a desired temperature in the canonical NVT ensemble until the void was

17

dissolved by GB. The time step was set as 1 fs throughout the simulation. We controlled the
simulation time in 100 ns, corresponding to 108 simulation steps, which is enough long time in
MD time scale. The further simulation was not conducted by considering the computing capability
and efficiency. For one simulation case running 100 ns with the current EAM potential, the
computational time is about one week on a 128 CPU cores.
Figure.14 shows the process of void dissolution on Σ5(310) GB at different temperatures. To
trace the dissolution of the void at GB, a cubic region which includes the void was defined (as
denoted by the yellow dotted lines), and the number of atoms in this region was counted at a
certain interval during annealing. When the total number of atoms in the region reaches saturation,
the corresponding time was considered to be the dissolution time of the void at GB, and it was
also determined by the visual inspection of the GB structure. Again, the continuous four layers of
atoms along Z direction at the void center were extracted. In Fig.14(a), it takes considerable time
(in MD time scale) for the D12 void to dissolve into GB even at 500 K. The void became smaller
with the simulation time but it still existed in the GB region after 28 ns of annealing, and it was
finally dissolved at 30.4 ns. A similar dissolution behavior was observed for D18 void at 650 K, but
the process has clearly accelerated at the elevated temperature. As shown in Fig.14(b), the D18
void was completely dissolved by the GB at 19.2 ns. When the temperature was raised to 900 K,
the diffusion of atoms was greatly enhanced, especially in the region where GB intersects with the
void. The D24 void shrunk rapidly as the GB atoms continuously flow into it, and the void was
completely dissolved into the GB in just 1.6 ns, as shown in Fig.14(c).
To quantify the effect of void size and temperature on the void dissolution, the dissolution time
in different simulated cases was recorded. Fig.15 shows the dependence of the dissolution time on
void size and temperature in Σ5(310) GB. For each size of the void, the higher temperature
resulted in faster dynamics and correspondingly faster void dissolution. The fitting curve indicates
that this dependence shows somewhat exponential behavior, and the fitting equations are given.
The dissolution time which exceeds 100 ns at a lower temperature was not computed but
extrapolated by the fitting equation for each size of the void, and the results are shown in Table.2.
Obviously, the dissolution time of a void in a stationary GB is much longer than that in a
migrating GB at the same temperature. For example, the predicted dissolution time of a D12 void
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in the stationary Σ5(310) GB is about 4097 ns at 300 K, which is far beyond the computational
time of the present simulation. However, the D12 voids were considerably dissolved in a limited
simulation time during the interaction between the dynamic Σ5(310) GB and void at 300 K (see
Movie.2). Also, MD simulation shows that the time required for the dissolution of a D18 void in the
stationary Σ5(310) GB is 62.4 ns at 600 K, while at the same temperature, the four D18 voids were
completely dissolved after their interaction with the migrating high-angle GBs (see Movie.3).
Since the process of GB-void interaction lasted only a few nanoseconds, we may safely conclude
that the thermal diffusion mechanism, mainly the GB diffusion, is not the only inducement for the
void dissolution at a migrating GB. The shear deformation and its associated dynamic GB
movement also play an important role in void dissolution.

4.3 Shear strain-assisted void dissolution
To simulate the dynamic interaction between GB and voids, a constant shear velocity was applied
to the bicrystal sample in this study. The shear deformation can play two major roles in the
simulation system which promote the dissolution of voids. On the one hand, the shear deformation
resulted in high-rate deformation and the strain gradient of the lattice in the bicrystal sample. On
the other hand, the shear deformation parallel to the boundary plane induced the dynamic GB
migration. The applied external strain was expected to expedite lattice diffusion as well as the
diffusion of atoms on the surface of the voids [83-85]. Also, the strain-gradient-based mechanism
may be considered in combination with the effect of stress on void diffusion. It was found that the
mobility of diffusion species increases linearly with the stresses [86]. Moreover, under high-rate
dynamic mechanical loading, the heat generated by the mechanical work may not have sufficient
time to be dissipated, and the local or global temperature rise could have somewhat influence on
the diffusivity of the void [87]. Therefore, we first studied the effect of shear strain on the void
dissolution with the exclusion of the GB influence, as illustrated in Fig.12(c).
Figure.16(a) shows the shear response of a single crystal sample containing a D12 void at 600K,
and the inserted snapshots show the evolution of the void at different simulation time. The size of
the void did not change substantially in the elastic stage. The first decrease of void size was
observed after the yield point accompanied by the dislocation nucleation from the void.
Subsequently, the void size decreased gradually in the stage of flow stress, and it was eventually
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dissolved in the lattice at about 2 ns. Compared to the stationary lattice diffusion, the ability to
dissolve the void has been improved significantly during dynamic lattice diffusion under shear
strain. Although the results are not presented here, the nucleation and propagation of dislocations
from the void and the resulting stacking faults have been found to play an important role in the
fast diffusion and the decrease of void size in all simulated cases. The result is consistent with the
experimental observations of the microstructural evolution of nanocrystalline cobalt [87]. It is
noteworthy that the critical shear stress for activating the nucleation of dislocation from the void is
about 4 GPa (this value increases with the decrease of temperature and decreases with the increase
of void size, see Fig.16b), which is much higher than the stress required to initiate the migration of
GB. Thus, in all simulated cases in this study, GB migration occurred before dislocations
nucleation from the voids and played a leading role in accommodating the system strain and stress.
In addition, the GB-void interaction resulted in the local stress concentration at the voids and the
overall increase of system stress, but the rise of stress value was not significant (see Fig.3). Also,
the embryo dislocation nucleated from void may suppressed by the migrating GB. Therefore, the
dynamic lattice diffusion mechanism under shear strain played a limited role on the void
dissolution in the presence of GB.
Another important effect of shear strain on the bicrystal sample is the stress-driven GB
migration, which facilitated the local diffusion of GB atoms as well as the atoms on the void
surface when contacting with the moving boundary. Since the diffusion measurements can be used
as a tool to study the kinetics of GB migration [88], the MSD value of atoms within the GB-void
core region was computed during their interaction to evaluate the effect of GB migration on void
dissolution, as illustrated in Fig.12(d). The shear deformation caused simultaneous lattice
displacement parallel to the boundary plane and dynamic GB migration perpendicular to the
boundary plane. To exclude the influence of the former one on the simulation result, the MSD
value of the dynamic lattice diffusion was also computed, as illustrated in Fig.12(c). Therefore, the
atoms diffusion caused by GB migration can be estimated by the difference between the MSD
value of dynamic GB diffusion and dynamic lattice diffusion. The results of different GBs are
shown in Fig.17, where the MSD values during GB-void interaction were extracted for calculating
the diffusion coefficients. It was found that the atoms diffusion caused by GB migration is
sensitive to GB structure, from 0.1055 Å2/ps of Σ61(650) GB to 0.3609 Å2/ps of Σ5(310) GB. The
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values of the diffusion coefficients indicate that the diffusion induced by dynamic GB migration is
two to four orders higher than that of stationary GB diffusion depending on GB structure. The
significant difference between stationary and dynamic GB diffusion highlight the essential role of
GB migration on the void dissolution during their interaction.
The atomistic mechanism of the void dissolution at the migrating GB was then investigated.
MD simulations have revealed that the GB migration can be realized by the collective motion of
GB structural units, i.e., the uniform and regular movement of atoms that make up the structural
units at GB [53, 63, 64]. For example, the atomistic mechanism of migration for Σ5(310) GB was
illustrated in Fig.18. The structural units are outlined by the yellow lines and the atoms in four
structural units are rendered in yellow and indexed with numbers to highlight the structure
evolution during the migration process. Compared to the compact arrangement of atoms in the
perfect lattice structure, there is free volume involved in the structural units at the GB core region
[75]. For the equilibrium structure of Σ5(310) GB in Fig.18(a), atoms 1 to 6 and atoms 7 to 12
consist of a stable structure unit indexed by a. Also, there is another free volume located between
the two stable structure units, as outlined by the red lines and it is indexed as a’. We tentatively
named a’ as the transitional structural unit since it will become either a stable structure unit or a
lattice structure in the next migration step. In Fig.18(b), when GB migrated one atomic layer
upward, the atoms which originally located in the stable structural unit a transformed to the
unstable structural unit a’. Meanwhile, atoms 1, 2, 9, 10, 25 and 26 which originally consist of a’
structure transformed to the a structure, and they further transformed to the a’ structure in the next
migration step, as shown in Fig.18(c). The collective motion of GB atoms under shear strain
resulted in the continuous structural transformation between a and a’ and led to the migration of
GB. Note that, there were only two yellow atoms in the structural unit a in Fig.18(c) after two
migration steps, and all the yellow atoms were arranged in a perfect lattice structure after three
migration steps, as shown in Fig.18(d). The snapshots clearly show the collective motion of atoms
in the structural unit and how the free volume involved in these atoms closed during GB migration.
The other three GBs in this study consist of the same structural units, and the migration
mechanism of these GBs is similar to that in Fig.18.
Figure.19 illustrates the dissolution mechanism of a D12 void at the migrating Σ5(310) GB
during their interaction at 400 K. The continuous four layers of atoms including the void central
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region were presented to show the interaction process. The structural units at GB were outlined
and the atoms on the void surface were highlighted in yellow and indexed with numbers from 1 to
31, as shown in Fig.19(a). According to the GB migration mechanism described above, two key
issues need to be addressed to understand the dissolution of voids at the migrating GB. That is,
how does the migrated GB close the void or free volume surrounded by yellow atoms, and where
do the vacancies inside the free volume go after the void dissolves? In Fig.19(a), the configuration
of the void remained unchanged before its interaction with the GB, and this moment was recorded
as the referenced starting time (t=0 ns). Once the GB moved into the void, the atoms on the void
surface which contacted with the GB rearranged following the similar way as that in Fig.18. For
example, the atoms 3, 4, and 5 were contained in the stable structural unit a, while the atoms 6, 7
and 8, as well as atoms 13 and 14, were contained in the transitional structural unit a’, as shown in
Fig.19(b). These atoms were located in a lattice structure after the GB passed due to the local
rearrangement of the yellow atoms, and the void size decreased correspondingly, as shown in
Fig.19(c). Importantly, the structural phase transformation was observed at GB during its
interaction with the void. The new atomic configuration, which is indexed as b, has higher energy
than the stable structural unit a [64], so we tentatively named it as the unstable structural unit to
show the difference. MD simulations have shown that the unstable structural unit b is a new
equilibrium structure when vacancies were introduced to the stable structural unit a [64, 89].
Therefore, the ‘a-b’ structural phase transformation on the boundary plane provides clear evidence
that the GB served as a diffusion channel to accommodate the vacancies that escaped from the
shrinking void.
The decrease of void size caused by GB migration can be further illustrated in Fig.19(d),
where the free volume in the upper half of the void (indexed as A) surrounded by atoms 17 to 29
decreased significantly from 0.676 ns to 1.04 ns. This is due to the fact that the scattered atoms on
the void surface became the compact lattice atoms when the GB passed. The similar process
occurred in the lower half of the void (indexed as B), and the free volume surrounded by the
yellow atoms was finally closed by the migrating GB, as shown in Fig.19(e). The structural units
description of the yellow atoms highlights the significant role of GB migration in the local atomic
rearrangement. Note that, when a considerable number of vacancies entered the GB in a short time,
the GB structure near the void became highly disordered, the structural units were difficult to
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identify and local GB sliding was observed. Finally, all the yellow atoms on the void surface were
arranged as a lattice structure when the GB traversed the void, as shown in Fig.19(f). The GB kept
its migration under shear strain with a mixed structural feature containing both structural units a
and b. The migration mechanism of Σ5(310) GB with multiple structural units at elevated
temperature was presented in our previous study [64]. The whole process lasted only about 1 ns
from the interaction between void and GB to the eventual dissolution of the void at GB, indicating
that the migrating GB can substantially reduce the time of atoms filling up the free volume and
thus accelerate the dissolution of voids. It should be emphasized that GB migration mechanism
alone cannot be the sufficient condition for the void dissolution, as demonstrated in the
simulations at low temperature, thermal diffusion must work as an auxiliary mechanism to
accommodate the vacancies dissociated from the void and transport them along the GB under
shear strain. The similar result as Fig.19 was also observed in the simulation cases of interaction
between a D18 void and high-angle GBs at 600 K (see Fig.S10 and S11), where the migrating GB
dissolved the void surrounded by the yellow atoms after their interaction. However, the GB
migration mechanism played a limited role in dissolving the void in the cases of low-angle GBs
due to the reduced number of structural units on GB and the discontinuous channel for
transporting the vacancies (see Fig.S12 and S13). Moreover, for a given size of the void, the
dynamic interaction time between GB and void depends on the migration velocity of the GB. The
theoretical values of coupling factor for each GB are βΣ5(310)=1, βΣ5(210)=0.667, βΣ37(750)=0.333, and
βΣ61(650)=0.182 [53, 62], where the lower coupling factor represents the faster migration velocity of
GB and the shorter GB-void interaction time. Therefore, the fast GB migration velocity, the low
GB energy and diffusion coefficient, and the discrete GB structure of the low-angle GB all
determine its reduced ability to dissolve the voids than the high-angle GB.

5. Conclusions
MD simulations were carried out in this study to investigate the dynamic interaction between
voids and migrating GB in bicrystal Cu. The effects of different factors on the simulation results
were considered, including void size, temperature, and GB structure. The main results are
summarized as follows.
(1) The transition of the deformation mechanism was observed during the interaction between
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voids and high-angle GBs at low temperature (T=10 K). The Σ5(310) GB and Σ5(210) GB
exhibited a perfect shear-coupling migration throughout the simulation in a void-free sample.
However, when the voids were introduced, the shear response of the two high-angle GBs can
be divided into three stages, including the fast GB migration, the slow GB migration with
dislocation nucleation, and dislocation propagation. The dislocation nucleation occurred at
the disordered region on GB which caused by the GB-voids interaction.
(2) The effect of void size and temperature on GB motion was investigated, the migrating GB
can be pinned to voids, or freely traversed the voids, or completely dissolved the voids after
their interaction. The noticeable void-drag effect on GB motion was observed in the
simulation cases of high-angle GB with the large size of voids. According to the Zener-like
equation analysis, the retarding pressure exerted by a void on the migrating GB depends
mainly on the surface area of the void, the degree of contact between GB and void, and GB
energy.
(3) Simulations performed at higher temperatures (T=300 and 600K) can significantly improve
the ability of high-angle GBs to dissolve the voids. By studying the thermal stability of a void
in the stationary GB, we have shown that the dissolution of the void at a migrating GB cannot
be attributed solely to the thermal diffusion mechanism. The collective motion of atoms in
the structural units during GB migration can substantially accelerate the dissolution of voids.
Atomistic analysis indicates that structural unit transformation rearranged the scattered atoms
on the void surface to the compact lattice structure, and the GB structural phase
transformation provided an efficient diffusion channel for transporting the vacancies that
dissociated from the void. The dynamic GB migration mechanism to dissolve the void is also
benefit to understand the process of other kinds of point defect that absorbed by the moving
GB.
(4) The GB structure has a significant influence on the dissolution of the voids. Although
increasing temperature can improve the dissolution of the void at low-angle GBs, they show
apparent reduced ability to dissolve the voids than the high-angle GBs. The difference can be
ascribed to the low GB energy and diffusion coefficient, the fast GB migration velocity, and
the discrete GB structure of the low-angle GB.
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Figure 1. Schematic of the bicrystal sample. Grain boundary was constructed between grain A and
grain B, and four voids with the same size were placed in grain A. During the dynamic shear, a
constant shear velocity (Vs) parallel to the boundary plane was applied to the fixed volume in
grain A, and grain boundary showed a shear-coupling motion with a migration velocity (Vn).

Figure 2. Atomic images of the equilibrium structure of (a) Σ5(310) (θ=36.9°) GB, (b) Σ5(210)
(θ=53.1°) GB, (c) Σ37(750) (θ=71.1°) GB, and (d) Σ61(650) (θ=79.6°) GB. The GB structures are
viewed along the [001] tilt axis. Atoms are colored according to the common neighbor analysis
(CNA) parameter; atoms with fcc structure are colored in blue and atoms at GB are colored in red.
The GB angle is indicated by the white line and the structural units are outlined by the yellow line.
The low-angle GBs show a discrete structural characteristic, and the distance between the
neighbor structural units of Σ37(750) GB and Σ61(650) GB are about 7.85 Å and 14.05 Å,
respectively.
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Figure 3. Shear response of the bicrystal sample with Σ5(310) GB at 10 K with (a) no void, (b)
D12 voids, (c) D18 voids, and (d) D24 voids. The three stages during the GB-voids interaction are
divided by the dotted lines.
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Figure 4. Snapshots of the bicrystal sample with Σ5(310) GB under shear deformation at 10 K
with (a) no void, (b) D12 voids, and (c) D24 voids. Atoms are colored according to their
centrosymmetry value, and the atoms with fcc structure are removed to assist view of the GB
structure and the voids.

Figure 5. Bottom view of the interaction process between Σ5(310) GB and D12 voids. Atoms are
colored according to their centrosymmetry value. The disordered regions on GB after its
interaction with voids are indicated by the yellow dotted line.
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Figure 6. (a)-(c) GB displacement as a function of simulation time in the case of D12, D18, and D24.
(d)-(f) Dislocation length and the number of hcp atoms as a function of simulation time in the case
of D12, D18, and D24. The results are from the simulations on Σ5(310) GB at 10K. The inserted
images are the extracted profile of GB plane, voids, and dislocation lines by DXA method.
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Figure 7. GB displacement as a function of simulation time for Σ5(310) GB with different sizes of
voids at (a) 300 K and (b) 600 K, and for Σ5(210) GB with different sizes of voids at (c) 300 K
and (d) 600 K. The coupling factors of GB at different migration stages are indicated.
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Figure 8. Cross-sectional view of the dynamic interaction between Σ5(310) GB and D18 void at
different simulation temperatures. (a) GB pinned at the void at 10 K, (b) GB traversed the void at
300 K, and (c) GB dissolved the void at 600 K. Atoms are colored according to their CNA values,
where the fcc atoms are colored in blue; the atoms at GB and the void surface, and the disturbed
atoms at high temperature are colored in red.
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Figure 9. (a)-(c) The extracted profile of voids and dislocation lines at boundary plane before and
after the interaction between Σ37(750) GB and D12 voids at 10 K and 600 K. (d)-(f) The extracted
profile of interaction between Σ37(750) GB and D24 voids at 10 K and 600 K. Different types of
dislocations are represented by lines with different colors. The atomic images of void-3 and void-4
in (f) are shown in (f3) and (f4). Atoms are colored according to their CNA value, where the atoms
at the dislocation core and the disordered atoms are colored in red, and the light blue atoms
represent the stacking fault.

Figure 10. (a)-(c) The extracted profile of voids and dislocation lines at boundary plane before
and after the interaction between Σ61(650) GB and D12 voids at 10 K and 600 K. (d)-(f) The
extracted profile of interaction between Σ61(650) GB and D24 voids at 10 K and 600 K. Different
types of dislocations are represented by lines of different colors. The atomic images of void-1 and
void-2 in (c) are shown in (c1) and (c2), and the atomic images of void-1 and void-2 in (f) are
shown in (f1) and (f2). Atoms are colored in the same manner as Fig.9.
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Figure 11. Schematic of the retarding pressure exerted by void on the migrating grain boundary.

Figure 12. Schematic for calculating mean-squared displacement (MSD) of atoms within the
GB-void core region in different simulation cases. (a) stationary lattice diffusion, (b) stationary
GB diffusion, (c) dynamic lattice diffusion, and (d) dynamic GB diffusion.
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Figure 13. The computed MSD of atoms in the GB-void core region as a function of simulation
time for different GBs. (I) stationary lattice diffusion, (II) stationary GB diffusion.
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Figure 14. Cross-sectional view of the void dissolution on stationary Σ5(310) GB. (a) D12 void at
500 K, (b) D18 void at 650 K, and (c) D24 void at 900 K. Atoms are colored in the same manner as
Fig.8. The yellow dotted region indicates the defined core region of the void. (a4), (b4), and (c4)
plots the number of atoms in the void core region as a function of simulation time, and the red
dotted line indicates that the number of atoms in the defined region has reached saturation.

Figure 15. Dependence of the dissolution time on the size of the void at different temperatures.
The dependence shows the exponential behavior, and the fitting equations are given.
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Figure 16. (a) shear response of the single crystal sample containing a D12 void at 600 K. The
inserted snapshots show the evolution of the void at different simulation time. Atoms are colored
in the same manner as Fig.8. (b) The critical shear stresses in different simulation cases with
various void sizes and temperatures.
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Figure 17. The computed MSD of atoms in the GB-void core region as a function of simulation
time for different GBs. (III) dynamic lattice diffusion, (IV) dynamic GB diffusion, (IV-III)
diffusion caused by GB migration.
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Figure 18. The migration mechanism of Σ5(310) GB. The atoms in four structural units are
colored in yellow and indexed with numbers to highlight the structure evolution. The stable
structural units a are outlined by the yellow solid lines, and the transitional structural units a’ are
outlined by the red solid lines. The black dotted lines indicates the atoms arranged as the lattice
structure.
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Figure 19. Atomic view of interaction between the migrating Σ5(310) GB and a D12 void at 400 K.
The atoms on the void surface are colored in yellow and indexed with numbers to highlight the
structure evolution of the void. The structural units are outlined by the yellow solid lines, the red
dotted line divides the void into the upper half ‘A’ and the lower half ‘B’, the black dotted lines
indicates the atoms arranged as the lattice structure. (See Movie.6 for the dynamic process)
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Table.1 The results of GB-void interaction with different GB structures, void sizes, and
temperatures. (×: GB pinned to the voids, □: GB traversed the voids, △ GB partially dissolved the
voids, ○: GB completely dissolved the voids.) Selected simulation cases are shown in the
supplementary movies.
D(void) = 12 Å

Size & Temp.
Grain boundary
Σ5(310)
Σ5(210)
Σ37(750)
Σ61(650)

D(void) = 18 Å

D(void) = 24 Å

10 K

300 K

600 K

10 K

300 K

600 K

10 K

300 K

600 K

□
□
□
□

△

○
○

×
□
□
□

□
□
□
□

○
○
□
□

×
□
□
□

□
□
□
□

△

△

□
□

△
△

△

□
□

Table.2 The dissolution time of D12, D18, and D24 void at different simulation temperatures. The
results in shadow are the predicted values using the fitting equations in Fig.15.
Void dissolution time (ns)
Temperature (K)
D(void) = 12 Å

D(void) = 18 Å

D(void) = 24 Å

1000

—

—

< 0.2

950

—

—

0.8

900

—

< 0.2

1.6

850

—

0.6

2.8

800

—

1.2

6

750

—

2.8

12

700

< 0.2

7.4
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650

0.4

19.2

86.2

600

1.8

62.4

203

550

8.6

116

452

500

30.4

299

1 006

450

83

774

2 240

400

304

2 002

4 985

350

1 117

5 176

11 094

300

4 097

13 384

24 689
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